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SYMBOLS

A defined by equation (31)

A difference in azimuths of sun and satellite, degree

Az azimuth

Alt altitude

a angle between observer's zenith and polar axis of telescope,

degree

B blue spectral band, having an effective wavelength of 0.44 pm

B defined by equation (32)

b angle between observer's zenith and polar axis of telescope,

degree

C cross-sectional area, square centimeter

D distance from test sphere to detector, meter

E maximum amplitude of electric vector

EM amplitude of polarized electric vector

F force, Newton

F(~) Russell phase function, defined by equation (21)

f focal length, centimeter

h height of surface roughness, micrometer

I2
Ii intensity of incident light, lumen/centimeter

I unpolarized component of light intensity, lumen/centimeter2

I unpolarized component of light inten.itv, lumen/centimeter2

I maximum intensity of light measured behind a polarization
max

analyzer, lumen/centimeter 2
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Imin minimum intensity of light measured behind a polarizationmin

analyzer, lumen/centimeter2

I intensity of light vibrating parallel to plans of incidence,
p

lumen/centimeter

Is intensity of light vibrating perpendicdlar to plane of

incidence, lumen/centimeter2

I intensity of light vibrating parallel to active axis ofx

Wollaston prism, lumen/centimeter2

Ix, intensity of light vibrating parallel to active axis' of

half-wave plate, lumen/centimeter 

I intensity of light vibrating perpendicular to axis of Wollaston
y

prism, lumen/centimeter2

Iy, intensity of light vibrating perpendicular to active axis of

half-wave plate, lumen/centimeter2

I1 intensity component of light transmitted through Wollaston

2
prism, lumen/centimeter

I2 intensity component of light transmitted through Wollaston

prism, lumen/centimeter2

k coefficient of absorption

lj dimension of plane surface facet, centimeter

N complex index of refraction

N local surface normal to plane surface facet

N mean surface normal
o

N' direction of polar axis for telescope
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n real index of refraction

0 culmination point of satellite

P percent polarization

r radius of curvature, centimeter

S stress, newton/centimeter2

U ultraviolet spectral band, effective wavelength of 0.36 pm

V visual spectral band, effective wavelength of 0.55 pm

v photovoltage, millivolt

x distance measured along mean surface to some point on a

rough surface, micrometer

Y defined by equation (A.34)

Yi observed values of polarization

Z zenith

z
1
,z 2 ,z3 coefficients in quadratic equation (30)

angle between plane of polarization and optical axis of

polarization analyzer, degree

relative angle of analyzer with respect to declination axis

of telescope, degree

y diffusely reflected'fraction of incident light

Ej angle measured clockwise from No to Nj, degree

nI angle of polarization, measured counter-clockwise from

plane of incidence to plane of polarization in degrees

~n angle between plane of polarization and declination axis of

telescope, degree
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TI
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Subscripts
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M

o

P

S

U

Principal Angle of Incidence, degree

Brew.ster's angle, degree

angle of incidence, measured counter-clockwise from N to

incident light beam in degree

angle of reflection, measured clockwise from No to reflected

light beam, in degrees

angle of refraction, measured counter-clockwise from N to

refracted beam of light in degrees

wavelength of a rough surface measured between periodic

features in micrometer

wavelength of light, micrometer

constant 3.14

specularly reflected fraction of incident light

phase difference between two components E ' and E '
x y

phase angle, measured between the incident and reflected

light beams in degrees

angular frequency
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polarized

unpolarized

denotes direction parallel to plane of incidence

denotes direction perpendicular to plane of incidence

.denotes ultraviolet spectral band
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ABSTRACT

Experimental investigations of the percent polarization of sunlight

reflected from the surfaces of each the Echo II Satellite and PAGEOS

(Passive Geodetic Earth Orbiting Satellite) were performed to determine

the stability of their surfaces in the space environment. The Echo II

surface material was amorphous phosphate chemically bonded to a rolled

aluminum substrate while the PAGEOS I surface material is vapor deposit-

ed aluminum on a poly (ethylene terephthalate) film. The stability of

the satellites' surfaces was analyzed by comparing the light polarizing

properties of the satellites, measured by means of the NASA Satellite

Photometric Observatory,to those of test surfaces representative of the

satellites' surfaces. The properties of flat test surfaces were measured

experimentally in the laboratory, and the effects of surface strain,

surface geometry, and vacuum upon these properti.p .Tere examined. The

laboratory analyses revealed that the polarization properties of the

Echo II surface were significantly affected by surface geometry and

vacuum, and that the properties of the PAGEOS I surface were not

significantly altered by any of the above mechanisms. The comparison

of the laboratory data to those of the satellites indicated that the

Echo II Satellite experienced detectable changes in its optical polari-

zation properties during its five year lifetime in space, and that the

PAGEOS I surface experienced little, if any, surface degradation during

its first three years in the space environment, indicating it to be

stable.



CHAPTER I

INTRODUCTION

The Echo II satellite (figure 1) was a 41.15-meter-diameter inflat-

able balloon having a reflecting surface of an amorphous phosphate coat-

ing formed on a rolled aluminum foil substrate. It was launched in 1964

as part of a passive satellite communication program (Ref. 1) and was

used in the National Geodetic Satellites Program (NGSP) described in

Reference 2. The PAGEOS I (Passive Geodetic Earth Orbiting Satellite),

figure 2, is a 30.48-meter-diameter inflatable balloon having a highly

reflective surface of aluminum vapor-deposited on a poly (ethylene

terephthalate) film. It was launched in June 1966 as part of the NGSP.

The Echo II and PAGEOS I were initially polarimetrically measured

during the winter of 1967 to explore the use of the percent polarization

of sunlight reflected from them to evaluate the stability of their

optical surfaces, exposed to the long-term effects of the space environ-

ment. These measurements were performed using the NASA Satellite

Photometric Observatory (Ref. 3) in the ultraviolet U, blue B, and

visual V spectral bands as a function of phase angle (angle formed

between the directions of the incident and reflected light).

The percent polarization of light reflected from a surface is

dictated by its optical constants and surface finish as well as the

phase angle. Thus, it was felt that changes occurring in the surfaces

of the satellites could be deduced from careful polarization measurements

of the sunlight reflected from them.

1



Figure 1 . - Fully inflated 41.15-meters-diameter Echo II. 

Figure 2 . - Fully inflated 30.48-meters-diameter PAGEOS I. 
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Since it was not possible to have observed the satellites when they

were initially launched, the approach in the evaluation of their surfaces

has been to use the basic light polarizing properties of flat test sur-

faces representative of these satellites as references. The initial

comparisons of the basic polarization properties of the test materials,

determined in the laboratory, to those measured for the satellites in

1967 emphasized the need to obtain satellite measurements at phase angles

greater than 1300. These necessary data were obtained during the winter

of 1969. The later comparisons of the laboratory data to the 1969

satellite data indicated that they significantly differed. Thus, more

detailed laboratory investigations were conducted to determine whether

the satellites had experienced surface degradation and whether certain

mechanisms were responsible for the observed differences.

In this paper, the effects of skin strain, surface geometry, and

vacuum upon the light polarizing properties of the flat test surfaces

are explored experimentally. The laboratory data are compared to the

satellite data in order to deduce changes occurring in the surface

properties of the satellites.

It should be mentioned that the satellite polarization measurements

were obtained under Contracts NAS1-6436 and -8276 and reported in

References 4 and 5, and that the determination of the optical constants

for the satellite surfaces was not attempted since the Observatory is

not capable of making this type of determination.



CHAPTER II

THEORY

The percent polarization of light reflected from flat surfaces which

are optically smooth and rough are discussed. The polarization expected

from spheres is explored based on the specular and diffuse reflecting

characteristics of the basic reflecting surface.

Flat Surfaces

Optically smooth surfaces. - Dielectrics and metals introduce

linear and elliptical polarization components to light reflected from

them. The dominant vibration direction and plane of polarization, con-

taining the polarized component of the light, for the specularly reflect-

ed light are generally found perpendicular to the plane of incidence

(plane defined by the direction of the incident light beam and surface

normal). The percent polarization P of the specularly reflected

light is defined by the following equation.

P - p
P = -- 100% (1)

s p

where Ps and pp represent the reflected fractions of the incident

light vibrating perpendicular and parallel to the plane of incidence.

For optically smooth dielectrics, Ps and p can be described

by Fresnel's formulas (Ref. 6) as

4
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Sin(81 82- 2
s 2= 1___ _ I(2)

and Sin( 1( + 0) 2
and 2

Tan(81 - 82
P = ~r( 1 -2) (3)

Pp Tan( 1 + 2)J

where 81 and 82 are the angles of incidence and refraction, respec-

tively (see figure 3). The average reflected fraction p is assumed

to be equal to the average of ps and p That is
p

P +P
0 .s PP (4A)

2
or r .2 r 2

1 Sin(01 02) 1 Tan(01- 02)

P 2 2 + 2 1 (4B)L Sin(Ol + 2) Tan(O 1 + 02)

Looking at equation (4B)', it can be seen that the p term goes to zero

when 01 + 82 = 900, leaving the reflected light completely plane

polarized perpendicular to the plane of incidence. The angle of incidence

where this occurs is called Brewster's angle Op, and is defined in

terms of the real index of refraction n as

-1
= tan n (5)

For angles of incidence other than Brewster's angle e p, the reflected

light is partially plane-polarized. The equations (2) and (3) can be

simplified by applying Snell's law
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Figure 3.- Dieletric reflecting surface.
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sin 01
n si (6)

sin 02

to _ _ 2

Cos(01 ) - nCos ( 2)

P

s

-[cos ( 1 ) + nCos(02)J (7)

2 12
nCos (01) - Cos(02)

p nCos(01) + Cos(62)

For optically smooth metals, Ps and pp can be calculated by

substituting the complex index of refraction N

N = n - iko (9)

for n in equations (7) and (8), where k is the coefficient of
o

absorption (see Ref. 6). The resulting equations are

[(n - Cos(01)] + k2o

PS ]2 2 (10)

)2 2
and Cos(0121 +___

(n - C + k
P = 2 2 + ko (11)

Cos( + o

2 2is large compared to unity. In analogywhich are valid when n + k is large compared to unity. In analogy

to Brewster's angle, the angle of incidence for metals where p is a

minimum, but not zero, is called the Principal Angle of Incidence O.

The reflected light at 0 is elliptically polarized.
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When the reflecting surface consists of a semitransparent dielectric

coated to a metal, it would be expected that the reflected light would

be a combination of linear polarization from the dielectric and ellipti-

cal polarization from the metal. The polarization of the reflected light

should be more sensitive to the optical constants of the dielectric than

those of the metal if the dielectric is coated to a significant thickness

and its optical constants are not of the order of those for the metal.

Also, there are interference effects to consider where the coating thick-

ness is of the order of the wavelength X of the incident light.

Rough surfaces. - Surfaces which are rough reflect light incident

upon them in all directions as well as in the specular direction. Such

rough surfaces are classified as either periodic or random. The period-

ically roughened surface exhibits periodic variations in the amplitude of

the surface roughness, measured from the plane of the mean surface, while the

randomly roughened surfaces are exhibits random variations in the amplitude

(Ref. 7). The periodically roughened surface is of interest in this

paper because the Echo II and its aluminum substrate materials exhibit

this type of surface roughness. In the following paragraphs, the effect

of periodic surface roughness will be briefly explored.

Consider the rough surface, figure 4, to consist of a semi-

infinite surface which variation in amplitude h(x) can be described by

h(x) = h Cos ( -I-) (12)



1,i
ca )
Q a)

0

0 '~~~~~4-4 C

0 .
0

c~

ol,-4

- , b fl

0 -

Cd

4-4

0

I a )

0~ ~ ~ ~ ~ ~

Cd

'-4j

0

a) ~ ~ ~ ~
a C~~~~~~~~~~~~~~a

Iz~ - I . 4 4

I b , , a )~

5-

Icc
crl o~~~~-

9

I

r-\4

I

Z NW

I
I
I



10

where h is the amplitude of surface roughness, A is the wavelength of

the periodic surface features, and x is the distance measured along

the mean surface. The surface is assumed to be formed by numerous plane

facets whose dimensions Z. are large compared to the wavelength A of

the incident light (Ref. 8). The angle between the macronormal No for

the mean surface and the local surface normal N. to each facet is Ej,

measured clockwise from N ; the surface normals N 's are assumed to

be coplanar and lie in the plane of incidence.

The incident light is projected upon the rough surface at an angle

of incidence 01' measured counterclockwise from N . The light re-
o

flected from the surface at an angle of reflection 0e, measured clock-

wise from N , is collected by a detector located at far-field. The

reflected light should consist of specularly reflected light from a

limited number of parallel facets, multiple (double reflection) reflected

light, and diffusely reflected light. The intensities of the reflected

light vibrating perpendicular I' and parallel I' to the plane of
s p

incidence can be expressed as

I' = EP (0 )Iiljcos 2 ( + p2+ )I 1j (13)

+ YsIilcosEslA0

2 (14)
I' = .pp(el)I 1 cos2l + p (j + Ej)cos (0 + )Iil

j
(14)

p ph+ ypIi1cos pl 1

+ ypl icos0 1AO
p i 11
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where Ii is the intensity of the incident light, y is the coefficient

for diffuse reflection, and Al' is the solid angle subtended by the

diffusely reflected light which is collected at the detector. The first

term in each of equations (13) and (14) refer to specularly reflected

light; the second term to multiple reflected light which includes double

reflection in the specular direction; and the third term refers to

diffusely reflected light. The polarization can be defined by substitut-

ing equations (13) and (14) into the following equation

I' - I'
p = s X 100 (15)

I' + I' 1
s p

Looking at equations (13) and (14), if multiple and diffuse

reflection do not occur, the polarization of the specularly reflected

light would be

Ep (1 )Cos( 1)Iil. - Zp (1 )Cos( 1)Ii1l
p 1 1 ij p 1 1 i j(16A)

ZEs(01)Cos(e1)Iilj + EPp(O1)Cos(81)ilI j

or

[I5 C 1) - p(e1 )]1
P 1 p 1 X 100

[Is(6 1 ) + 0p(1)]

Comparing equation (16B) to (1), it can be seen they are the same,

indicating the use of the Fresnel formulas when h<< X << A. When

diffusely reflected light occurs as well as specularly reflected light,

the polarization is
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Z [0s ( ) - Op(el)]
P =- p 1 X 100 (17)

E[Ps(01) + p( 1) + p(l)] + Ys + p)

Comparing (17) to (1), it can be seen that the polarization is reduced

assuming the diffusely reflected light to be unpolarized (ys - Yp)'

When multiple reflection is considered, the polarization is found to be

greater than that for specular reflection. This is because the p
s

component is enhanced more than the pp component resulting in

?(eI +1) < o 
) < P(1 (18)

p2(e0 + S) Ps(e0)

In addition, the polarization will obtain its maximum value at an angle

of incidence less than that expected for specular reflected light from

a smooth surface. Generally it is expected that the nonspecularly or

diffusely reflected light will be polarized due to multiple reflection

of the light for 6{ 0 61l

Spherical Surfaces

The polarization of light reflected from a sphere is dependent upon

the specular and diffuse reflectances of the basic reflecting surface.

The equations (References 9, 10 and 11) predicting the intensities

I' and I' are given below
s p

i 1 2p ( +2 2

s . P()Ii( r / D ) +
~ ysIi( r /D )2 F ( ~ )S S (9
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I= 1 pp(0)Ii(rID) 2 + 2 I(r/D) 2 F(p) (20)

where

F(P) + ( - )Cos ] (21)

is the angle formed between the incident and the reflected light

beams (I = 281), r is the radius of curvature for the sphere, and D

is the distance from the sphere to the detector (D >> r). The polariza-

tion of the light reflected from a sphere can be calculated by substitut-

ing eqs. (19) and (20) into eq. (15). The resulting polarization

equation is

(p -p ) + F()(y - y )
P P = s -p-p X 100 (22)

(Ps P + F()(yp) + y

For the case of a sphere reflecting the light specularly where

YS and yp are zero, the polarization equation becomes

1 2
-I (r/D) (P - P )

p= i 
s

P X 100 (23A)

4 I (r/D) (ps + Pp)

which reduces to

ps -0
P X 100 (23B)

P
s
+ P

Comparing eq. (23B) to eq. (16B) for a flat specularly reflecting

surface, it can be seen that they are the same, emphasizing that the



14

polarization is independent of geometric shape for a specularly reflect-

ing surface. Also, the polarization of light reflected from a diffusely

reflecting sphere should be the same as that reflected from a diffusely

reflecting, flat surface where ps
'
and pp are zero. When a sphere

reflects a significant component of diffuse light as well as specular

light, the polarization can be described by the following equation

P P
P = --p p X100 (24)

Ps +Pp + (s + p)F( )

assuming Ys = Yp

Comparing equation (24) to equation (17) for a flat surface reflecting

both specularly and diffusely, it can be seen that the sphere should

polarize the incident light less than the flat surface would. This

indicates that the polarization would be dependent upon the geometric

shape of the reflecting surface in this particular case.

Angle of polarization. - In working with polarized light, the

angle of polarization n, defining the orientation of the plane of

incidence to the plane of polarization (containing the polarized compo-

nent of the reflected light), is another parameter useful in describing

the polarized light. The angle of polarization as it was pointed out

earlier in this chapter is generally found to be 90 degrees for light

reflected from flat dielectric and metallic surfaces. For the cases

of specularly and diffusely reflecting spheres, the angle of polarization

should be 90 degrees if ps is greater than pp and if Ys is greater

than y . For the case of a sphere reflecting both specularly and
p.
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diffusely, the angle of polarization should be 90° if ps > pp and if

Ys > Yp' However, if yp is greater than ys, then the angle of

polarization can be described by the following equation

(P -P )
T=Tan 1 s p (25)

(Y - Ys)F(i)

Looking at eq. (25), it can be seen that the angle of polarization will

be less than 450 if the polarization component for the diffusely re-

flected light is greater than that for the specularly reflected light.

This would result in the polarization of the reflected light being

negative, looking at eq. (22). If the polarization component of the

diffuse light is less than that for the specular light, then the angle

of polarization will be greater than 45° , and the polarization of the

light will be positive. The above mentioned trends have been observed

for sunlight reflected from the lunar surface (Ref. 12).



CHAPTER III

TEST MATERIALS

Description of Materials

The materials investigated are representative of the Echo II

(Ref. 13) and PAGEOS I (Ref. 14) surfaces.

The Echo II material is an alodine (amorphous phosphate) coating

chemically bonded to the-outer surfaces of an aluminum-PET (polyethylene

terephthalate) - aluminum substrate. The alodine, a semitransparent

dielectric, was coated with an average density of 1.99 x 10 gm/cm2

The substrate is composed of a 8.89-vm-thick PET film adhesively bonded

between two layers of 4.57-pm-thick rolled aluminum foil. The foil has

a surface line structure (figure 5) which is prominent even when it is

coated (Reference 15). The reflecting surface for the Echo II material

is the alodine coated to the aluminum foil.

The PAGEOS I material is a 0.22-Pm-thick aluminum layer vapor-

deposited on one side of a 12.70-pm-thick PET film. The reflecting

surface is the aluminum.

Surface Geometry

The test materials had flat and spherical reflecting surfaces.

The flat surfaces were obtained by placing the materials in a sample

holder, resembling an embroidery hoop, under stress. The spherical

surfaces were obtained by mounting the materials in 1.27 cm wide gores

16
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on 12.70-cm-diameter spheres, figure 6(a). The spheres had 1.51 centi-

meter diameter polar caps. The surface line structures for the Echo II

and its substrate materials were oriented along the length of the gores

figure 6(b).



18 

Figure 5 . - Micrograph of the Echo II aluminum-foil 
subs t ra te , i l lustrating the surface line 
s t ruc ture . Micrograph made in oblique 
light at 50 x magnification. 

a . - Gores and polar cap. b . - Orientation of surface line 
s t ructure along gore . 

Figure 6 . - Test sphere . 



CHAPTER IV

LABORATORY TESTS

Tests were performed to investigate the effects of strain, surface

geometry, and vacuum upon the light polarizing properties of the test

materials. In the following paragraphs, the polarization measurements

and tests are described.

Polarization Measurements

The polarization of light reflected from the test materials was

measured as a function of phase angle * and spectral band using a

planar goniophotometer equipped with linear analyzers. The goniophoto-

meter is discussed in Reference 16 and will be briefly described here.

The goniophotometer consisted of source, detection, and sample units as

shown in figure 7. The source unit was located on the stationary arm

of the apparatus while the detection unit was mounted on the movable

arm having an axis of rotation which allowed the phase angle ~ to be

varied from 100 to 1800, and which confined the measurements to the plane

of incidence. The sample unit was mounted to a turntable which had an

axis of rotation common to that of the movable arm. This axis allowed

the angle of incidence 81 to be varied from -90° to +90° . Components

of the apparatus are described in table I. The effective wavelengths

of the light measured in the ultraviolet, blue, and visual spectral

bands were 0.36, 0.44, and 0.55 micrometer.

The light path in the apparatus is illustrated in figure 8. A

collimated light beam is projected upon the test material at a

19
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Figure 7 . - Photograph of goniophotometer. 

Collimating lens 
Source 

Aperture stop 

Rotating linear analyzer 

Field stop-

Color filter 

/ j . Depolarizer 
Condensing lens 

— Photomultiplier 
tube 

Figure 8 . - Light path in the goniophotometer. 
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TABLE I. - COMPONENTS OF GONIOPHOTOMETER

Component Description

Source Zirconium concentrated arc lamp

Aperture Stop 0.1-cm-diameter opening

Collimating lens Fused quartz, focal length = 10.00 cm

Rotating linear HNB'P (ultraviolet) and HN38 (blue and
analyzer visual)

Field Stop 2.0-cm-diameter opening

Color Filter Standard astronomical ultraviolet, blue,
and visual

Depolarizer Lyot, constructed of two calcite discs,
0.15 and 0.20-cm-thick, cemented with
their optical axes at 450

Condensing lens Fused quartz, focal length = 8.30

Photomultiplier tube RCA 1P21, S-4 response
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preselected angle of incidence 81. Then, the light, specularly re-

flected (81 = 81) from the test material at a preselected phase angle

A, is passed through a rotating linear analyzer, field stop, color

filter, depolarizer, and then is focused onto the entrance slit of the

photomultiplier tube. When the light was polarized, the resulting

photovoltage varied as the cos a where a is the angle through which

the analyzer was rotated beyond the plane of polarization (plane where

the maximum light transmission occurs through the analyzer), figure 9(a).

The variation of the photovoltage v with a can be described by the

following equation

v = vMCos2 a + vo (26)

where vM and vo are the amplitudes of the photocurrent corresponding

to the polarized IM and unpolarized I fluxes of the reflected

light. The angle a and the variation of v with a are depicted

in figure 9(a). Looking at the figure , it can be seen that v

reached its maximum value, vmax, when a was equal to 0° or 1800, and

that v obtained its minimum value, Vmin, when a was equal to 900

or 2700. Since vmax and vmin corresponded to the maximum Ima
x

and

the minimum Imi
n

intensities of the reflected light, the percent

polarization P of the light was determined by substituting vmax and

vmi
n

into the following equation
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y

Plane of Polarization

Analyzer

a7 ax

a. Angle a

> 0~~~~v M

0

0

0 40 80 120 160 200 240 280

a, degrees

b.Variation of the photovoltage v with angle a

Figure 9.- Angle a and variation of the photovoltage with the angle ca.
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vmax - minP = X 100 (27)
v + v
max min

Using this method, the percent polarization and the angle of polarization

were determined from the photovoltage v and the angle a.

The reliability of the apparatus to produce reasonable polarization

measurements was determined by measuring the percent polarization of zinc

crown glass and comparing the results to those predicted for the glass.

The experimental data are compared to the theoretical data in figure 10.

The theoretical data were calculated using equations (1), (7), and (8)

and assuming n = 1.52 (Ref. 17). The comparison indicates that the

apparatus produces reasonable values for the polarization.

Stress - Relaxation Test

The test materials were subjected to uniaxial stress by applying

loads to 7.62 by 45.72 cm strips of the test materials for two week

periods, and then allowing the strips to relax for a week with no load

applied to simulate inflation conditions that the PAGEOS and Echo II

experienced during their first. two weeks in orbit. The stress applied

was determined using the following equation

S = (28)

where F is the force of the load, and C is the cross-sectional area

(thickness times width) of the strip. Forces of 6.575 and 0.448
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newtons were applied to the Echo II and PAGEOS I materials respectively

producing stresses of 479 and 70 n/cm2 . These values of stress were

applied because the Echo II satellite skin stress was found to have been

331 n/cm2 (Refs. 18 and 19) during its early lifetime, and because the

stress for the PAGEOS I was found to have been 52 n/cm2 (Ref. 14).

Since the polarization properties of the Echo II material was found

to be dependent upon the orientation of its surface line structure with

respect to the plane of incidence (Ref. 16), the stress was applied

along and perpendicular to the structure (see figure 11). This pro-

cedure was not used for the PAGEOS I material because its surface is

almost optically smooth.

After the relaxation period, the percent polarization of light

reflected from each test material was measured in the manner described

in the polarization measurements section. The Echo II material was

polarimetrically measured with the surface line structure oriented

parallel and perpendicular to the plane of incidence. Unstressed

samples of the materials were investigated for comparison purposes.

Surface Geometry

The effect of surface geometry upon the basic polarization proper-

ties was investigated by examining the light reflected from spherical

models described in Chapter III. The light path of the measured light

is illustrated in figure 12 where a 12.70-cm-diameter collimated light

beam is projected upon a 12.70-cm-diameter sphere, and the light

reflected in a one degree cone is measured by the detection unit 8.0
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meters away. The polarization of the light was measured with the gores

of the spheres oriented parallel and perpendicular to the plane of

incidence.

Vacuum Test

The effects of vacuum upon the light polarizing properties of the

Echo II and its aluminum substrate materials were investigated using a

200 liter ultra high vacuum chamber. The cylindrical chamber (figure 13)

is capable of producing vacuum pressures as low as 10- 1 2 torr using

Vac-Ion, sorption, and sublimation pumps; it has numerous quartz viewing

ports. The viewing ports used were found in a plane perpendicular to

the axis of symmetry for the chamber, and located on the circumference

of the chamber. The source and detection units of the goniophotometer

were externally mounted to the chamber at appropriate viewing ports which

permitted phase angles, i, of 40° , 60° , 80° , 100° , 120° , and 1400 to be

obtained. The sample unit was located inside the chamber with its axis

of rotation coinciding with the axis of symmetry for the chamber. The

light path in the apparatus is given in figure 14. As depicted in the

figure , a collimated light beam passes through a viewing port into

the chamber, and is projected upon the test material at a preselected

angle of incidence el. The light, specularly reflected (81 = °e)

from the test material at a preselected phase angle p, passes through

another port out of the chamber to the detection unit. The percent

polarization of the reflected light was determined in the manner

described in the polarization measurements section.
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a . - Chamber closed 

b . - Chamber open 

Figure 1 3 . - 200 liter ultra high vacuum chamber equipped 
with polarimeter . 
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Before the materials were subjected to vacuum, their light polarizing

properties were determined with the materials inside the chamber at atmos-

pheric pressure (760 torr) and room temperature (250 C) in an air atmos-

phere. Next, the materials were exposed to vacuum of the order of 10- 7

torr for specified periods of time. The Echo II material was exposed to

vacuum for at least 130 hours because its outgassing rate was found to

stabilize after 120 hours (Ref. 13) while the aluminum substrate was

exposed to vacuum for 66 hours because its outgassing rate is stable

after 12 hours (Ref. 20). The primary source of outgassing for the

Echo II is water vapor. After the specified times of exposure, the

polarization was measured while the materials were still under vacuum.

After the vacuum measurements were performed, the chamber was returned

to atmosphere pressure, and the polarization of the light reflected

from the materials was again measured in air and nitrogen atmospheres.

The Echo II material was investigated with its surface line structure

oriented parallel and perpendicular to the plane of incidence, whereas

for the aluminum substrate the structure was oriented 450 to the plane

of incidence. The PAGEOS I material was not investigated because the

aluminum substrate measurements could be used to determine if vacuum

would have any affects on its polarization properties.



CHAPTER V

SATELLITE POLARIMETRY

NASA Satellite Photometric Observatory

Using the NASA Satellite Photometric Observatory (SPO), polarimetric

measurements were performed of sunlight reflected from the surfaces of

the Echo II and PAGEOS I in the standard astronomical ultraviolet U,

blue B, and visual V spectral bands as a function of phase angle A.

These measurements, performed under contract, were conducted during the

winters of 1967 and 1969 at Yuma, Arizona. Although the SPO and the

polarimetric data reduction techniques are described in detail

References 3, 4, 5, and 21,they will be briefly described in the

following paragraphs.

The SPO consists of a telescope complex housed in a van on the rear

of a truck (fig. 15). When the sides of the van are deplored, they form

a stable observation deck for the telescope complex (figure 16). The

complex consists of three auxiliary telescopes and a main telescope.

The auxiliary telescopes are used to acquire and establish the tracking

pattern of a satellite or star for the main telescope. The main tele-

scope collects sunlight reflected from the satellites or starlight which

is polarimetrically measured. Its primary mirror, 24 inches in diameter,

has a f/4 Newtonian mode while its secondary mirror, in a Cassegrain

mode provides a magnification of 5, resulting in an overall focal ratio

of f/20 for the main telescope. The complex is mounted on a four axis

33
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INSTRUMENTATION 
A N D 

CONTROL COMPARTMENT 
(FORWARD COMPARTMENT) 

TELESCOPE COMPLEX 

LIGHT 
(4 PLACES) 

STREETS1DE 
QUARTER-SECTION 

TRUCK 

HYDRAULIC CYLINDER 
(4 PLACES) 

CURBSIDE 
QUARTER-SECTION 

DEPLOYED 

AUXILIARY JACKS 

(6 PLACES) 

ACCESS LADDER 

(ALSO USED AT PERSONNEL DOOR) 

CONVENIENCE OUTLET 

REAR WALL 

SPOT LEVEL P A N E L DEPLOYED 

INDICATOR 

Figure 15.- NASA S a t e l l i t e photometric observatory-deployed, 
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(COVERS INSTALLED) 

' • ' . • : : • : . ' . , • . 

5UI0ESC • 

ft.NDa SCOPE 

POUR-AXiS PEDESTAL 

LOCK - PIN FOR 
TRACK ANGLE (IHA) CIRCLE 

MAIN SCOrt 

Figure 16.- Telescope complex, 
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pedestal especially designed for satellite tracking. Starting at the

base, the pedestal has an Azimuth axis with + 2700 travel, a latitude

axis with 0° to 90° travel, a polar axis with + 1800 travel, and a

Declination axis with + 45° travel.

The polarization of the collected light is measured by means of a

polarimeter attached to the main telescope. The light path in the

polarimeter is illustrated in figure 17 where the collected light passes

through a rotating half-wave plate (rotated in ten steps of 36° incre-

ments), field stop, and Wollaston prism. Upon emerging from the prism,

the light is separated into two orthogonal components I1 and 12. The

orthogonal components pass through lenses and a depolarizer, and are

reflected at 450 by silvered mirrors. The reflected components, then,

pass through color filters, and finally are sensed by two photo-

multipler tubes. When the light was polarized, the resulting photo-

voltage v1 and v2 (corresponding to I1 and I2 )varied as the

sin (nl-2B) and cos (nl-2M) where 8 is the angle between the optical

axis of the half-wave plate and a reference axis (declination axis) on

the telescope, and n
1

is the angle between the plane of polarization

of the polarized light and a reference axis on the telescope. The

angles B and n
1

are illustrated in figure 18. Also, an example of

the variation of v1 and v
2

with B is given in figure 19. The

data points represent the photovoltages averaged for approximately two

second periods at each position of the half-wave plate.
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Polarization Determination

The degree of polarization P of the collected light was deter-

mined using the following data reduction equation

I -I

i +I= P cos(2n-4B) (29)I +I
Yi x i

Equation (29) is taken from Reference 3.

Before the true degree of polarization of reflected sunlight was

determined, the instrumental and sky background (I > 1200) polarization

were determined and compensated for in the satellite intensities. The

instrumental polarization was determined using a star calibration method.

In the method, stars found in the Alfred, Behr Catalog (Ref. 21) were

polarimetrically measured along the satellite path, and the resulting

values of P were compared to the published values for the stars. If

differences were observed, the adjusted values of 12 compensating

for instrument polarizations, were determined by fitting a quadratic

equation to the I1/I2 ratios for each nonpolarized star and by

multiplying the polarized star.and satellite values of 12 by the

resulting best fit quadratic equation. That is

I2A = 2 f(8) = I2 (Z1 + Z2 + Z382) (30)

where Zl, Z
2
, Z3 are the quadratic coefficients.

Next, the intensity of the sky background was measured along the

satellite path at high phase angles (p > 1200). These values were
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vectorially subtracted from the I1 and I2A values, yielding the true

values of I and I for the satellites.
yi Xi

Next, the I and I values obtained for each particular phase
Yi 1

angle were substituted into the left side of eq. (29), and the resulting

values of A and B were used to determine P and n.

(Yicos4 )(Esin24 - (sin4 cos4i)(Ysin24.) - () (31)
i i i

A=

(Zcos 2 4 )(Zsin24 i ) - (Zsin4Bicos4i) 2
ii1 1 

(Zcos24Bi)(Y sin4i) - (EZYcos4Bi)(Gcos4aisin46i)1 ii i
i

B i (32)

(Ecos24B i)(sin 48i) - (. sin4Bicos4 i
i i i 1

I - I
Yi Xi

where Yi= + I (33)

Yi Xi

P VA 2 + B2 (34)

ql = 1/2 tan -
1

(35)1 A

Finally, the true angle of polarization is given by

qT = T 1- b (36)

where b is the angle between the active axis of the Wollaston prism

(declination axis of telescope) and the plane of incidence. See

Appendix B for the determination of the angle b.



CHAPTER VI

RESULTS AND DISCUSSIONS

The percent polarization P of light reflected in the specular

direction from test materials is presented as a function of phase angle

p in the ultraviolet, blue, and visual spectral bands. The laboratory

measurements are presented in figures (20) through (26) while the sate-

llite polarization measurements of the PAGEOS and the Echo II are given

in figures (27) through (30). The bars in each figure represent the

typical data spread from the average or the probable error.

Laboratory

Echo II Material.- The effects of skin strain, surface geometry,

and vacuum upon the light polarizing properties of the Echo II material

are examined in this section. Because the polarization of light re-

flected from the Echo II is dependent upon the orientation of its

surface line structure with respect to the plane of incidence, the

measurements were performed with the structure oriented perpendicular

and parallel to the plane of incidence. These respective surface

orientations represent positions where the polarization has been ob-

served to exhibit maximum and minimum values for phase angles greater

than 1000 (Ref. 16). For convenience, P and P will respectively
s p

refer to the percent polarization measured with the structure oriented

perpendicular and parallel to the plane of incidence while P will refer

to the average of Ps and Pp, or polarization measurements obtained

with the structure oriented at 45° .

41
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In figure (20), the effect of strain upon the light polarizing

properties of the Echo II material is examined where the average, per-

cent polarization, P, (P + P )/2, for the flat, unstressed surface is

compared to that for the surfaces which have been subjected to uniaxial

stress of approximately 479 n/cm2. Although the comparison reveals slight

differences in the polarization at phase angles i greater than 1200,

the differences are not outside of the experimental error (+ 2.0 percent

polarization), and hence stress (less than 479 n/cm2 ) can not be

considered as a mechanism capable of significantly affecting the polari-

zation.

Also, in figure (20), the average polarization P of light reflect-

ed from a sphere, constructed of the Echo II material, is compared to

that for the flat surfaces. The sphere is found to polarize the light

considerably less than the flat surfaces. The polarization for the

sphere was lower because it reflected a significant component of

diffuse light (in the specular direction) which added to the specular

light component reduced the polarization, as predicted by equation (24).

p s - P

Ps + Pp + 8/3(y + yp)F(,) (24)

In the case of the flat surface, the polarization was not affected by

the diffuse light since its magnitude was much less than that for the

specularly reflected light, in other words
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(Y + Y )AO<<Ps + Pp (37)

where

Aet < 10 3 radians (38)

Thus, equation (17) describing the polarization for the flat surface

P P pP= s pP (17)

Ps + Pp + (Ys + Yp)Ae;

could be approximated by

P - P
p = .E (39)

s +p

Comparing equations (24) and (39), it can be seen that the polarization

for the sphere should have been lower than that for the flat surface.

Although the sphere polarized the incident light less than the flat

surfaces, it polarized the light in increasing amounts in the blue,

visual, and ultraviolet spectral bands, the same as the flat surfaces

did.

Generally, the polarization of light reflected from a surface

decreases as the phase angle approaches 0° such as in the case for the

flat Echo II surfaces. Looking at figure (20), the polarization for

the Echo II sphere appears to have decreased to minimum values in the

40° to 60° phase angle range, and thereafter to have increased as the

phase angle approached 0° . This unusual trend was probably caused by
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the light diffusely reflected from the sphere having a polarization

component greater than that for the specularly reflected light for

phase angles less than 50° , and a plane of polarization essentially

parallel to the plane of incidence (angle of polarization n approxi-

mately equal to 0°). Looking at figure (21), n for the sphere is

found to be less 45° and decreasing to 0° for phase angles less than

50° . This indicates that the plane of polarization was essentially

parallel to the plane of incidence. Considering the trends for P

and q and examining equations (22) and (25), it appears reasonable

to assume that the light diffusely reflected from the Echo II sphere

was polarized in the plane of incidence, and to a greater degree than

the specularly reflected light.

Notice how n for the aluminum substrate sphere, shown in figure

(21), is essentially 900 for the entire phase angle range, indicating

that the plane of polarization was oriented perpendicular to the

incidence plane. Since n varied with phase angle differently for the

Echo II sphere than the aluminum sphere, it should be possible to

determine if the Echo II satellite had a reflecting surface of alodine

on aluminum. Although the data is not shown, the spheres constructed of

the Echo II and aluminum substrate materials polarized the incidence

light the greatest with their surface line structures oriented perpen-

dicular to the plane of incidence, and the least with the structures

oriented parallel for phase angles greater than 100° . This is the

reverse of the trend observed for the flat surfaces (Ref. 16). The
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trend for the spheres was expected when one considers the facts that

the spheres reflect more specular light with their structures oriented

perpendicular to the plane of incidence than with their structures

parallel, and that the magnitude of the diffusely reflected light is

independent of the orientation of their structures.

In figures (22) through (25), the effect of vacuum of the order

-6
of 10 torr upon the polarimetric properties of the Echo II material

is examined. The symbols P and P refer to polarization measure-
s p

ments obtained with the surface line structure of the test surface

oriented perpendicular and parallel to the plane of incidence while P

refers to the average polarization , (Ps + Pp)/2.

In figure (22), the average polarization P of light reflected

from the Echo II material obtained in air at room temperatures and

atmospheric pressure is compared to that obtained in vacuum (10 - 6 torr)

at room temperatures. The comparison revealed that the material was

altered by vacuum exposure to the extent of enhancing its light

polarizing properties in the blue spectral band while diminishing them

in the visual and ultraviolet bands. It is believed that the observed

changes were probably caused by the outgassing of water vapor from the

surface (Ref. 13), resulting in changes in the optical properties of

the surface. To verify this conclusion, the polarization was measured

in air (containing water vapor) and in nitrogen (containing no water

vapor) at atmospheric pressure and room temperatures after vacuum

exposure. In figure (23), the polarization measured in air (after

vacuum exposure) is compared to that measured in vacuum where it is found
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to be slightly increasing in the ultraviolet and visual spectral bands,

and decreasing in the blue band toward the polarization values measured

in air before vacuum exposure, suggesting the absorption of water.

Whereas, the polarization measured in nitrogen (after vacuum exposure)

essentially remained the same as that measured in vacuum, see figure (24).

These results obtained in air and nitrogen tend to support the idea that

the observed changes for the Echo II material in vacuum were primarily

caused by water losses altering the material's ontical properties.

P for the aluminum-foil substrate was measured in air and vacuum

to determine whether the Echo II material's polarization changes were

caused by the alodine coating or the substrate experiencing changes

in its optical properties. In figure (25), the polarization data for

the substrate indicate that vacuum exposure had no significant effect

upon its polarization. This indicates that the alodine coating had

changed in vacuum.

It is interesting to note that 'he Echo II material polarized

the incident light in increasing amounts in the following order of

spectral bands: visual, ultraviolet, and blue while it was in vacuum.

This is different from the order of blue, visual, and ultraviolet

observed for the material in air.

PAGEOS I material. - In figure (26), the polarization data from a

flat, unstressed sample of the PAGEOS I material are compared to those

for a flat sample subjected to uniaxial stress of approximately 70

n/cm2 . The slight differences in polarization are not outside of the
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experimental error, and thus are not considered to be significant,

indicating that prestressing the material should not alter its basic

polarization properties. The data indicates that the PAGEOS I material

essentially polarized the light in increasing amounts in the ultra-

violet, blue, and visual spectral bands.

Also, in figure (26), the polarization data for a sphere made

of the PAGEOS I material are compared to those for the flat surfaces.

The comparison indicates that the sphere polarized the incident light

the same as the flat surfaces in the blue and visual bands. However,

in the ultraviolet band, the comparison show significant differences.

The reason for this trend is unexplained at this time.

The effect of vacuum upon the light polarizing properties of

the PAGEOS I material was not explored because the vacuum-air investi-

gation of the Echo II aluminum substrate material (Figure 25) indicated

that the polarization properties of aluminum would not be discernibly

altered by vacuum.

Satellites

Echo II Satellite. - The polarization measurements of the sunlight

reflected from the surface of the Echo II Satellite are given in figures

(27) through (29). Comparing the satellite measurements to the laboratory

ones, certain features of the data can be noted. Looking at figure (27),

the 1967 satellite data appears to have reached a minimum in the 40°

to 600 phase angle range, and thereafter to have increased as the phase
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Figure 27.- 1967 and 1969 polarimetric measurements of the Echo II Satellite, obtained
using the NASA Satellite Photometric Observatory.
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angle approached 0° . This trend was observed in the laboratory for

the sphere constructed of the Echo II material. As it was pointed out

earlier in this chapter, the trend was caused by the diffusely reflected

light having a larger polarization component than the specularly re-

flected light, and having a plane of polarization parallel to the plane

of incidence. In figure (28), the plot of the angle of polarization Tn

against ~ obtained in the visual band data supports the explanation for

the above trend since n is found to be decreasing to 0° . The trend for

n indicates a reflecting surface of alodine for the Echo II satellite.

The spectral polarization properties of the satellite could not

be deduced in 1967 due to the lack of data points at phase angles above

1100. In 1969, this problem was resolved by obtaining measurements

at the higher phase angles. The 1969 data, shown in figure (27),

revealed that the satellite spectrally polarized the sunlight in increas-

ing amounts in the visual, ultraviolet, and blue bands. This is the

manner in which the Echo II material was found to polarize the light in

laboratory vacuum (see figure (23)). It should be noted that the material

was found to polarize the light in laboratory when exposed to air

the greatest in the ultraviolet and the least in the blue which is

different from the manner in which the satellite polarized the incident

sunlight. This indicates that the surface of the satellite

had experienced changes, mostly due to the outgassing of water vapor,

in its optical surface properties as a result of exposure to space

vacuum.
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Looking at figure (29), it can be seen that the satellite polarized

the incident sunlight considerably less than the flat Echo II material

would have. The differences in the polarization were expected consider-

ing equations (39) and (24) which describe the polarization for a flat

surface and a sphere.

Comparing the satellite data and the laboratory data for the

Echo II sphere, the data for the sphere appear to be lower in the

ultraviolet and blue, and slightly higher in the visual than the sate-

llite data. Correcting for the effect of vacuum upon the Echo II

polarization properties, better agreement is obtained. Note that the

corrected sphere data are basically lower than those for the satellite

and that the differences are greater for the shorter wavelengths

(ultraviolet and blue). This suggests that some mechanism other than

the ones which were investigated in the laboratory might be responsible

for the differences such as solar ultraviolet radiation. This

mechanism appears to be a likely candidate considering the findings

of Clemmons and Camp (Ref. 13) that ultraviolet radiation causes

the absorption properties of the Echo II material to decrease

inversely with wave length.

The fact that the polarization data for the satellite pro-

duced curves with slopes more similar to those for the Echo II sphere

than those for the aluminum substrate sphere indicates that the

satellite's reflecting surface was basically the alodine coating on the
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aluminum substrate during the 1967 and 1969 observations.

PAGEOS I. - The polarization data for the PAGEOS I are given in

figure (30) for the 1967 and 1969 observation periods. The satellite is

found to have polarized the incident sunlight in increasing amounts in

the ultraviolet, blue, and visual bands for phase angles greater than

1000. This is similar to the spectral polarization properties exhibited

by the PAGEOS I material in the laboratory. The agreement between the

satellite and laboratory data indicates that the surface of the PAGEOS I

experienced little,- if any, surface degradation in its first three years

in space.
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CHAPTER VII

CONCLUDING REMARKS

The laboratory investigations of the light polarizing properties

for flat test surfaces, representative of the Echo II and PAGEOS I,

provided information essential to the analyses of the ground-based

polarimetric measurements of the Echo II and PAGEOS I. In the

laboratory, the effects of skin strain, surface geometry, and vacuum

upon the optical properties of the test surfaces were examined. The

results of the laboratory investigations support the following conclu-

sions:

(1) The stress-relaxation tests revealed that pre-stressing the

Echo II and PAGEOS I surface materials at 479 and 70 n/cm2 respectively

had no significant affect on the basic light polarizing properties of

either surface.

(2) The polarization of light reflected from a test surface was

found to be dependnet upon the geometric shape of the surface if the

surface reflected a significant component of diffuse light compared

to the component of specularly reflected light. Since the Echo II

type surface reflects a large amount of diffuse light (Ref. 4), the sphere

constructed of this material was found to polarize the light considerably

less than the flat-shaped surfaces; however, it was found to polarize

the light in increasing amounts in the blue, visual, and ultraviolet

spectral bands, the same as the flat surfaces. In addition, the light

diffusely reflected from the Echo II sphere was found to be polarized

essentially in the plane of incidence, and to a greater degree than the
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specularly reflected light. The sphere constructed of the PAGEOS I

was found to polarize the incident light essentially the same as the flat

surfaces since the material reflects about 87 percent of the incident

light specularly and only three percent diffusely (Ref. 4).

(3) Vacuum (10 6 torr) was founmd to have a significant effect upon

the polarization properties of the Echo II type material and no signi-

ficant effect upon those of the aluminum surfaces. In vacuum, the Echo

II surface was found to polarize the incident light more in the blue

band and less in the ultraviolet and visual bands than it did in air.

The surface, in vacuum, spectrally polarized the light in increasing

amounts in the following order of spectral bands: visual, ultraviolet,

and blue, which is different from the order (blue, visual, ultraviolet)

exhibited by the surface in air (atmospheric pressure). The polariza-

tion changes were caused by the outgassing of water, changing the

optical properties of the material's alodine coating.

Based upon the laboratory results, the analyses of the polarimetric

measurements of the Echo II satellite and PAGEOS I suggest the following

conclusions:

(1) The Echo II satellite experienced detectable changes in its

optical surface during its five year lifetime in space. The surface

changes were primarily caused by the outgassing of water vapor in

space vacuum. It should be noted that the changes due to vacuum

probably occurred within the first week of the satellite's lifetime

in space. The fact that the polarization data for the satellite

resembled the laboratory data indicates that the reflecting surface for

the Echo II was essentially the alodine coated to aluminum.
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(2) The PAGEOS I experienced no significant surface degradation

in its first three years in space, indicating that aluminum is optically

stable in space.
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APPENDIX A

DETERMINATION OF PLANE OF POLARIZATION

Generally, the plane of polarization, containing the polarized

component of the light, is defined with respect to the plane of inci-

dence (defined by the directions of the incident and reflected light

beams) by the angle of polarization n. During a satellite observation,

the plane of polarization was defined with respect to a reference plane

(containing the declination axis of the telescope) by the angle nl

(see figure 18). In order to define, the orientation of the plane of

polarization to the plane of incidence, the orientation of the reference

plane with respect to the plane of incidence had to be defined, and this

is done with the aid of spherical trigonometry.

Consider the positions of the satellite and sun as illustrated in

figure A-1. Sat represents the position of the satellite on the celes-

tial sphere at the time of interest while sun denotes the position of the

antipodal sun, diametrically opposite the true position of sun. Using

the altitude-azimuth system, the observer is located at the center of

the sphere with his local zenith Z directly overhead, and his horizon

located 900 away from the zenith and represented by the horizontal

plane. N' represents the north pole of the reference plane which passes

through the position of the satellite, sat. The phase angle of the

satellite at the time of interest is denoted by i, and lies in the

plane of incidence. The angle "b" defines the orientation of the

reference plane to the plane of incidence while gmin denotes the
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Z

Figure A .1 - Orientation of the plane of polarization.
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minimum phase angle where the plane of incidence is perpendicular to

the reference plane. Looking at the triangle containing "b", A, and

m in' "b" is calculated using the law of sines for a spherical

triangle

sin 900 X sin (~min)
sin(b) = A-1

sin 4)

Finally, the calculated value of "b" is subtracted from nl in order

to determine the true angle of polarization n

n
1
-b A-2

which defines the orientation of the plane of polarization with respect

to the plane of incidence.




